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Edited by Robert BaroukiAbstract The mushroom Agrocybe aegerita secretes a peroxi-
dase (AaP) that catalyzes halogenations and hydroxylations.
Phenol was brominated to 2- and 4-bromophenol (ratio 1:4)
and chlorinated to a lesser extent to 2-chlorophenol. The puriﬁed
enzyme was found to oxidize toluene via benzyl alcohol and benz-
aldehyde into benzoic acid. A second fraction of toluene was
hydroxylated to give p-cresol as well as o-cresol and methyl-p-
benzoquinone. The UV–Vis absorption spectrum of puriﬁed
AaP showed high similarity to a resting state cytochrome
P450 with the Soret band at 420 nm and additional maxima at
278, 358, 541 and 571 nm; the AaP CO-complex had a distinct
absorption maximum at 445 nm that is characteristic for heme-
thiolate proteins. AaP regioselectively hydroxylated naphthalene
to 1-naphthol and traces of 2-naphthol (ratio 36:1). H2O2 was
necessarily required for AaP function and hence the hydroxyla-
tions catalyzed by AaP can be designated as peroxygenation and
the enzyme as an extracellular peroxygenase.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Selective hydroxylations of aromatic compounds are among
the most desired transformations in chemical synthesis [1].
Chemical hydroxylation mostly requires harsh reaction condi-
tions and has limitations with regard to regioselectivity and
reaction speciﬁcity [2]. Enzymatic hydroxylations catalyzed
by oxygenases typically proceed with high selectivity under
mild conditions, and are becoming increasingly important in
industrial syntheses [3,4]. There are numerous oxygenases from
a variety of organisms, which catalyze the insertion of oxygen
into organic molecules including aromatic rings [5–7]. Cyto-
chrome P450 monooxygenases (P450s) belonging to the
heme-thiolate proteins represent the largest and most versatile
family of hydroxylating enzymes [8]. They are involved in
diﬀerent intracellular biochemical processes, such as drug
metabolism, detoxiﬁcation of pesticides and xenobiotics,Abbreviations: AaP, Agrocybe aegerita peroxidase; CPO, chloroperox-
idase; P450, cytochrome P450 enzyme
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alkaloids [8,9]. The practical use of P450s, however, is limited
due to diﬃcult isolation, low stability and the need of complex
cofactors (NADPH as well as electron transfer proteins) [10].
Progress has been made in the directed evolution of P450s to
create self-suﬃcient peroxygenase mutants that catalyze perox-
ide-driven hydroxylations [11,12].
As P450s, chloroperoxidase (CPO) – ﬁrst isolated from the
ascomycetous fungus Caldariomyces fumago [13] – is a heme-
thiolate protein and catalyzes the halogenation of various
organic compounds [14]. Despite the fact that CPO has been
intensively studied over decades, there are only a few reports
on other heme-thiolate proteins of this type. Thus until
recently, neither other ascomycetes nor other fungi have been
known to produce such enzymes. On the other hand, heme-
thiolate haloperoxidases have been reported in other king-
doms, for example, in the green alga Penicillus capitatus, in
the marine polychaete Notomastus lobatus and in the bacte-
rium Streptomyces toyocanensis. CPO of C. fumago shows an
extremely broad range of oxidative activities including classical
heme peroxidase reactions (phenol oxidation), oxidation of
alcohols and aldehydes, epoxidation, sulfoxidation and
hydroxylation of activated C–H bonds as well as catalase
activity [15]. The majority of these catalytic activities, with
exception of phenol oxidation and halogenation, are also char-
acteristic for P450s; but unlike P450s, CPO does not oxidize
little activated C–H bonds and therefore, cannot hydroxylate
aromatic substrates such as toluene or naphthalene [14,15].
Here, we show that the recently discovered extracellular halop-
eroxidase [16] from the mushroom Agrocybe aegerita shows
some spectral characteristics of P450s and has peroxygenase
activity towards aromatic substrates.2. Materials and methods
2.1. Organism and enzyme
Agrocybe aegerita is an agaric basidiomycete that colonizes decaying
wood, bark and mulch [17]. Fungal stock cultures were maintained on
2% malt extract agar and stored at 4 C in the dark. For A. aegerita
peroxidase (AaP) production, the fungus was cultured in a 5-l stir-
red-tank bioreactor containing a complex liquid medium based on soy-
bean meal [16]. Enzyme puriﬁcation, that involves several steps of
ultraﬁltration as well as anion and cation exchange chromatography,
has been described recently [16]. The main AaP fraction (AaP II) used
in the present study has a molecular mass of 46 kDa and a pI of 5.3.
AaP activity was routinely measured at 310 nm in 1-ml cuvettes by fol-
lowing the oxidation of veratryl alcohol (5 mM) into veratraldehyde
(e310: 9.3 mM
1 cm1) in 50 mM citrate–phosphate buﬀer (pH 7); the
reaction was started with H2O2 (2 mM) [16].ation of European Biochemical Societies.
Fig. 1. Bromination of phenol by Agrocybe aegerita peroxidase (AaP).
The reaction mixture (1 ml) contained 20 mM phosphate buﬀer (pH
3.0), 10 mM KBr, 500 lM phenol, 0.03 lM AaP and 2 mM H2O2
(reaction time 10 min). HPLC elution proﬁle: residual phenol (left), 2-
bromophenol (middle), 4-bromophenol (right). The separation was
performed using a C18 reversed phase column (detection wavelength
220 nm) and a water–acetonitrile gradient. Insets show the UV spectra
of 2-bromophenol and 4-bromophenol.
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Enzymatic halogenation was proven by the bromination and chlori-
nation of phenol. The reaction mixtures (1 ml) contained: 20 mM
potassium–phosphate buﬀer (pH 3.0), 10 mM KBr or KCl, 500 lM
phenol and 0.03 lM AaP (=1.4) or 1.2 lg ml1 CPO; for chlorination
by AaP, the mixture contained 100 lM phenol and 0.36 lM AaP. The
reactions were started by the addition of 2 mM H2O2 and proceeded at
25 C over 10 min. After addition of 20 ll HCl (36%), the formation of
halogenated phenols was analyzed by HPLC using a model HP 1090
liquid chromatograph (Agilent, Waldbronn, Germany) equipped with
a Merck LiChrospher 5-lm RP-18 reversed phase column (4.6 by
125 mm). A mixture of acetonitrile and 0.05% phosphoric acid
(30:70, vol/vol) served as solvent at a ﬂow rate of 1 ml min1 under iso-
cratic conditions. Eluted substances were detected in the wavelength
range from 190 to 550 nm and identiﬁed by means of authentic stan-
dards (brominated and chlorinated phenols).
2.3. Oxidation of toluene and naphthalene
Toluene and naphthalene were treated with puriﬁed AaP in 2-ml
reaction vials containing 20 mM citrate–phosphate buﬀer (pH 6.8),
1000 lM toluene or 100 lM naphthalene and 0.014 lMAaP. The reac-
tions were started by the addition of H2O2 (4· 1 mM every 2.5 min for
toluene and 1· 50 lM for naphthalene samples) and stopped after
10 min (toluene) or 5 min (naphthalene) with 20 ll HCl (36%). Sam-
ples were analyzed by HPLC using the system described above but a
gradient of 20–80% acetonitrile (0 and 5 min, 20%; 20 min 80%) in
0.05% phosphoric acid with a constant ﬂow rate of 1 ml min1 over
20 min. Oxidation products were identiﬁed by means of authentic stan-
dards (1-naphthol, 2-naphthol, 1,4-naphthoquinone). To prove the ori-
gin of incorporated oxygen, the reactions were performed under
nitrogen atmosphere. The formation of naphthalene oxide was tested
after extraction of slightly alkaline reaction batches (15 mM potassium
phosphate buﬀer, pH 8) with hexane by TLC [18,26] as well as by
HPLC using the method described above but with phosphate buﬀer
(15 mM, pH 8) instead of phosphoric acid.
2.4. NADPH consumption
Complete incubation mixtures (1 ml) in a quartz cuvette contained
50 mMcitrate–phosphate buﬀer (pH 7), 200 lMNADPH, 200 lMphe-
nol or naphthalene and 0.022 lM puriﬁed AaP. Reactants were added
sequentially and in diﬀerent order. The rate of disappearance of
NADPH was monitored at 340 nm (e340 = 6.2 mM
1 cm1).
2.5. UV–Vis spectroscopy
UV–Vis spectra of resting AaP (7.9 lM) as well as of its CO-com-
plex was recorded in 50 mM sodium phosphate buﬀer (pH 6.8) in
the range from 200 to 700 nm using a Cary 50 spectrophotometer (Var-
ian, Darmstadt, Germany). For the reduced CO-enzyme complex,
samples were reduced with a few grains of sodium dithionite and
ﬂushed with CO for 5 min.
2.6. Chemicals
Phenol, 2-chlorophenol, 2- and 4-bromophenol, p-benzoquinone, tol-
uene, o- and p-cresol,methyl-p-benzoquinone, naphthalene, 1-naphthol,
2-naphthol, 1,4-naphthoquinone, veratryl alcohol, benzyl alcohol,
benzaldehyde and benzoic acid were purchased from Sigma–Aldrich
(Steinheim,Germany) and served as authentic standards and substrates.
Chloroperoxidase (CPO) from Caldariomyces fumago, 2-chloro-5,5-
dimethyl-1,3-cyclohexanedione andNADPHwere obtained fromFluka
(Buchs, Switzerland).3. Results and discussion
3.1. Halogenation of phenol
The halogenating activity of AaP was conﬁrmed by the bro-
mination of phenol in the presence of bromide (10 mM KBr;
Fig. 1). Phenol was converted into 2-bromo- and 4-bromophe-
nol at the ratio of 1:4 (yield 15% and 60%, respectively). In
addition a small amount of p-benzoquinone, as a product of
classic peroxidase activity, was detected (<5%). In a referenceexperiment under identical conditions, CPO formed only
traces of bromophenols (<3%), and most of the phenol was
polymerized into insoluble humic substance-like products
(data not shown) [19]. The chlorinating activity of AaP was
by orders of magnitude lower. Thus in the presence of chloride
(10 mM KCl) and using the 12-fold amount of AaP, only 57%
of the initial phenol was converted and p-benzoquinone (39%)
was the major product while only traces of 2-chlorophenol
(1%) and no 4-chlorophenol were detectable, along with a
number of unidentiﬁable products. CPO, on the other hand,
eﬃciently chlorinated phenol to 2- and 4-chlorophenol as well
as dichlorophenols (data not shown). The results demonstrate
that AaP has a strong brominating and a low chlorinating
activity that sets it apart from CPO [14,19].
3.2. Spectral characteristics
Puriﬁed AaP shows a characteristic UV–Vis absorption
spectrum that diﬀers considerably from that of CPO but is al-
most identical to a resting state P450 (Fig. 2). The major Soret
absorption band appears at 420 nm and the a- and b-bands at
540 and 572 nm, respectively; furthermore there is a clear band
in the near UV (d) at 359 nm (for comparison, cytochrome
P450LM2 from rabbit liver microsomes [20]: 418, 535 and 569
as well as 361 nm; CPO [21]: 396, 515 and 650 nm, the d-band
is lacking). The spectrum of the AaP-CO complex has the Sor-
et absorption maximum at 445 nm, that is within the range of
P450 enzymes and CPO and an indication for the presence of a
heme-thiolate in the active site (Fig. 2) [8].
3.3. Oxidation of toluene and naphthalene
AaP oxidized toluene into a number of products, among
which benzyl alcohol was found to be the major one (yield
37%). In addition benzaldehyde (12%), benzoic acid (4%), p-
cresol (2%) and o-cresol (4%) as well as methyl-p-benzoqui-
none (23%) were identiﬁed (Fig. 3). Since the latter compound
can only be formed through the peroxidase-typical oxidation
of o-cresol, it follows a ratio of 13.5:1 for the aromatic hydrox-
ylation in the ortho- versus para-position; the ratio of benzylic
versus aromatic hydroxylation was almost proportional
(1.3:1). Benzyl alcohol as well as o- and p-cresol are also prod-
Fig. 2. Absorption spectra of resting state Agrocybe aegerita perox-
idase (7.9 lM, solid line) and its reduced CO-complex (dashed line).
Spectra were recorded in 50 mM phosphate buﬀer (pH 6.8).
Fig. 3. Oxidation of toluene by Agrocybe aegerita peroxidase (AaP).
The reaction mixture (1 ml) contained 1 mM toluene, 20 mM phos-
phate buﬀer (pH 6.8), 0.014 lM AaP and 4· of 1 mM H2O2 (reaction
time 10 min). The HPLC elution proﬁle shows the peaks of following
compounds (from left to right): benzyl alcohol, methyl-p-benzoqui-
none, benzoic acid, benzaldehyde, p-cresol, o-cresol, residual toluene.
The separation was performed using a C18 reversed phase column
(detection wavelength 220 nm) and a water–acetonitrile gradient.
Fig. 4. Hydroxylation of naphthalene by Agrocybe aegerita peroxidase
(AaP). The reaction mixture (1 ml) contained 100 lM naphthalene,
20 mM phosphate buﬀer (pH 6.8), 0.014 lM AaP and 50 lM H2O2
(reaction time 5 min). The HPLC elution proﬁle shows the peaks of
following compounds (from left to right): 1,4-naphthoquinone, 2-
naphthol, 1-naphthol and residual naphthalene.
Fig. 5. Reaction scheme for the hydroxylation of naphthalene by
extracellular Agrocybe aegerita peroxidase (AaP, left) and intracellular
cytochrome P450 monoxygenases [30] (right).
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liver cells [22]. CPO ineﬀectively oxidizes toluene to benzyl
alcohol but does not catalyze the hydroxylation of the
aromatic ring [23].
Naphthalene was even a better substrate for the AaP-cata-
lyzed hydroxylation than toluene and the major product
formed was identiﬁed as 1-naphthol (yield 64%). In addi-
tion, traces of its oxidation product 1,4-naphthoquinone
(1.3%) and 2-naphthol (1.9%) as a second hydroxylated iso-
mer were found (Fig. 4). The outcome of this is an isomer
ratio of 36:1 in favor of 1-naphthol, which clearly demon-
strates that AaP is capable of hydroxylating aromatic rings
regioselectively.
Naphthalene oxide was not detectable by TLC in hexane ex-
tracts of slightly alkaline reaction mixtures (naphthalene epox-
ides are unstable at pH <7.5) but nevertheless it is to assume
that the hydroxylation proceeds via an epoxide intermediate
as described for several P450s [24,25]. The transient appear-
ance of an unknown, short-lived metabolite in respective
HPLC elution proﬁles may support this assumption (data
not shown). The selective hydroxylation of naphthalene and
other polycyclic aromatic hydrocarbons has been reported
for a number of intracellular fungal P450 monooxygenasesincluding human liver cells [26] and is involved in the fungal
detoxiﬁcation of these organopollutants in the environment
[18,27,28].
No reaction was observed when AaP was incubated in the
presence of NADPH, O2 and phenol or naphthalene, i.e., the
puriﬁed enzyme does not have a monooxygenase activity.
Hydroxylation also occurred under anaerobic conditions when
the reaction mixture was ﬂushed with nitrogen. Thus, oxygen
inserted into aromatic rings must originate from H2O2, a reac-
tion which is known as ‘‘peroxidase shunt’’ from certain P450s
[8,9,29]; this ineﬃcient side reaction of P450s, however, does
seemingly not have a physiological relevance [8,29,30]. Recent
advances in genetic engineering and directed evolution of bac-
terial P450cam and P450 BM-3 resulted in several mutants
which show an enhanced peroxide shunt pathway [31,32] and
were therefore designated as peroxygenases [33]. Molecular
attempts have also been made towards the directed evolution
of CPO and resulted in improved epoxidation catalysis [34].4. Conclusions
Our results demonstrate that natural peroxygenases do exist.
The peroxidase of the mushroom A. aegerita may represent a
‘‘missing link’’ between heme-thiolate haloperoxidases and
P450s. This assumption is supported by the reactions catalyzed
by AaP, including both halogenations as well as benzylic and
aromatic hydroxylations. Moreover, the N-terminal amino
acid sequence [16] shows 35% and 21% identity with Caldari-
6250 R. Ullrich, M. Hofrichter / FEBS Letters 579 (2005) 6247–6250omyces fumago CPO [15] and Cylindrocarpon tonkinese
CYP55A2 (a soluble fungal P450) [35], respectively. In con-
trast to the intracellular P450s, AaP is an extracellular biocat-
alyst that does not need complex cofactors (NADPH) (Fig. 5),
and compared with CPO, AaP has a broader substrate spec-
trum with respect to hydroxylation.
At the moment, it is daring to speculate on the actual func-
tion of AaP. There are several possibilities which will have to
be proven in future studies, e.g., its involvement in the metab-
olism of lignin or the synthesis of halogenated and/or hydrox-
ylated metabolites. In this context, it will have to be clariﬁed
whether the A. aegerita peroxidase is simply a ‘‘freak of nat-
ure’’ or whether other fungi produce similar halogenating
and hydroxylating enzymes. Last but not least, the enzyme
may be of general biotechnological interest as a potential
hydroxylating and halogenating biocatalyst in (bio)chemical
synthesis.
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